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Abstract

This report describes and demonstrates a new model for grain growth during welding of met-
als. The model is implemented in the SPPARKS C++ kinetic Monte Carlo computational
framework and can run large scale, massively parallel simulations using billions of sites. The
model simulates melting, solidification and microstructural evolution of material in the fu-
sion and heat affected zones; it simulates grain growth using normal curvature driven grain
growth with grain boundary mobility that is dependent upon a spatial temperature profile.
The model is parameterized to facilitate weld design via weld speed and shape parameters
for the pool and heat affected zone. Weld speed is a key process parameter and shape param-
eters describe a wide range of possible pool shapes and heat affected zones facilitating design
of many possible weld processes including both convex and concave weld pool shapes. Pool
shapes can range from very narrow and deep to very wide and shallow representing different
fluid flow conditions within the pool. The model also includes a novel and specialized pulsed
power welding feature. Demonstration calculations depict grain growth which is spatially
heterogeneous including epitaxial grain growth.
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1 Introduction

Welding is one of the most commonly used processes for joining metals and the resulting
joints physical properties are central to the engineering performance of that technology.
Welding consists of applying heat to a localized region of two parts which are to be joined;
heat melts the region in contact so that the parts fuse to form a single strongly bonded part
when cooled and solidified. The heat source is moved along the length of the two parts, so
that the molten pool is leading and the cooling and solidifying welded region is trailing. This
moving heat source leads to the unique microstructures observed in welds, characterized by
elongated grains that can curve in different directions to give banana-shaped grains. The
size and shape of grains in the weld influence mechanical and other engineering properties;
thus, it is important to understand and predict weld microstructures as a function of the
welding process, so that its engineering properties can be tailored to its performance in service
environments. To this end, we present a model that can simulate melting and solidification
in the fusion zone and grain growth in the fusion and heat-effected zones during the welding
process. Such a modeling capability can be used for designing the welding process to obtain
microstructures that yield optimal properties.

Solidification, microstructural evolution and fluid flow [1, 2] in the fusion zone of welds
have been the topic of many investigations [3]. Modeling of solidification during welding
has focused primarily on dendritic growth at the solid-liquid interface in thermal gradients
[4, 5, 6, 7, 8, 9, 10]; others focus on the coupling between heat and/or fluid flow and grain
growth [11] or grain shape characteristics in limited regions [12, 13, 14]. These works have
provided much understanding of the details of solidification; however, by their nature to treat
details of solidification, they are limited to small regions of a few grains. Recently, a few have
addressed grain growth on a larger scale in the welding region. Chen et al. [15] developed a
coupled cellular automaton and finite element model to calculate the temperature profile in
welding region using FE modeling and grain growth in the fusion zone. While, this does give
information of many hundreds of grains, it does not consider the grain growth in the heat-
affected zone, which we will show influences microstructure greatly. Debroy and coworkers
[16, 17, 18] developed models to simulate grain growth in the heat affected zone (HAZ), but
not the fusion zone (FZ). This, unfortunately, does not yield microstructural information for
the most pertinent portion of the weld. The method we present has many similarities to the
work of Zacharia and coworkers [19, 20]; however, they limited their grain growth simulations
to 2D simulations (using cellular automata) at the surface of the weld zone.

The Potts Monte Carlo model, described in previous works [21, 22], has been modified
to simulate grain growth during welding. Grain growth with non-uniform grain boundary
mobility due to large gradients in temperature are incorporated in the model as described
previously [23]. A new algorithm is introduced that incorporates melting and solidification
of the melt pool accompanying welding. This model to simulate grain growth during welding
is an application in SPPARKS [24], an open-source Sandia code developed for simulation of
microstructural evolution using Monte Carlo methods. Due to the novel treatment of pool
geometry and heat affected zone, the model can be used to simulate pulsed power welding in
which power is cycled between a lower background level and a maximum level. The welding
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model uses key process parameters as inputs to simulate grain growth during welding; it
can be used in parallel with experiments to guide selection of weld process parameters in
order to achieve a desired microstructure. A related weld model [25], targeting electron
beam welding, was recently published by co-workers using identical temperature dependent
grain growth kinetics but different treatment and handling of pool geometry; the model
by Rodgers et. al. does not include the effects of pulsed welding nor does it handle pool
geometry as mathematically precisely as does the present work. This report presents the
newer model and demonstrates it utility for use in weld process design and prediction of
trends in microstructure due to systematic changes in process parameters. The model is
available via the SPPARKS website [26].
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2 Model for grain growth during welding

A schematic, shown in Figure 1, depicts the butt-welding process. Two sheets of material,
with the same thickness, are just touching (butt-joint). Heat is applied to the upper surfaces
of the sheets along the line formed by the edges of the two plates. As the heat source moves
along the butt-joint, a molten pool of metal that penetrates the full thickness of both plates
forms and then solidifies to join the two sheets in the butt-weld. Surrounding the molten
fusion zone (FZ), is the heat-affected zone (HAZ), where the temperature is high, but below
the melting temperature; a depiction is shown in Figure 2. Material in the near vicinity of
the weld pool, i.e. in the HAZ, experiences a transient rise and fall of temperature which
induces microstructure evolution. As the heat source moves away the butt-joint material
and the HAZ cool and a complex grain structure forms. Engineering properties such as
strength and toughness critically depend upon this microstructure. We present a model that
simulates melting under the heat source, with solidification and grain growth in the HAZ.
This section describes the model for grain growth during welding; it is based on the Potts
grain growth model.

Note, the Potts model as described in this work, requires a temperature as a function of
position and time. Based on this, it simulates melting as occurring in regions where the
temperature exceeds the melting temperature and solidification as occurring in the region
where the temperature drops below the melting temperature. Grain growth is simulated
by the normal curvature-driven grain growth model, but the grain boundary mobility is a
function of temperature. Details of solidification, such as dendritic growth, are not treated
by this model. It also does not simulate fluid motion in the molten pool or heat transfer
elsewhere; however, these elements are and can be implicitly included via the spatial and
temporal temperature profile input to this model.

Figure 1: Butt weld schematic. Weld heat is applied and translated along butt joint formed
by two plates of same thickness that are just touching. Separation of plates shown for clarity.

11



Figure 2: Weld schematic.

2.1 Grain growth, melting and solidification

The standard Potts model for grain growth digitizes the 3D microstructure on a regular
lattice with each site identified as belonging to a particular grain with a unique identifier,
termed spin. All contiguous sites with the same identifier constitute a grain. The start-
ing microstructure for the welding simulation is the grain structure of the two sheets to be
welded. For the purposes of this model, the two sheets are assumed to be in perfect con-
tact; the temperature profile resulting from the moving heat source is applied to the initial
microstructure.

The equation of state used for grain growth simulations only considers grain boundary energy,
as the reduction in grain boundary energy is the driving force for grain growth. The total
energy of the system is the total grain boundary energy, which is calculated as the sum of all
bonds between neighboring sites with dissimilar spins multiplied by the bond energy as

E =
J

2

N
∑

i

n
∑

j

(1− δij), (1)

where J is the bond energy, i is each site ranging from 1 to the total number of sites, N , j is
the neighbor of site i ranging from 1 to n, and n is the number of neighbors of i. Thus, grain
boundaries are identified in this model as occurring between neighboring sites of dissimilar
spins with an associated bond energy between them of J .

Curvature-driven grain growth is simulated by selecting a site and attempting to change
its spin, its grain identifier, to that of a neighboring site belonging to a different grain.
Interior sites with no neighboring sites belonging to a different grain cannot change their
spin (because it is energetically unfavorable), only grain boundary sites can. When a site
attempts to change it spin, if it has no neighboring sites of a different spin, then the attempt
is not successful and another site attempts a change. When a grain boundary site attempts
to change its spin, it selects a spin from one of its neighboring grains at random. The change

12



in energy accompanying this spin flip is calculated using (1). The probability P of that
change occurring is

P =

{

1 ∆E ≤ 0

e−
∆E

kT ∆E > 0.
(2)

The attempted change in spin is always successful when ∆E ≤ 0 and when ∆E > 0, it occurs
in proportion to the probability (2) using the Metropolis algorithm. A random number, R
evenly distributed from 0 to 1 is generated. If R ≤ P , the attempted change is successful, if
not the original spin remains. The product kT has units of energy, and in the context here,
kT is referred to as the simulation temperature and is a SPPARKS model parameter.

Previous work has shown how temperature-dependent grain growth can be simulated by
introducing a grain boundary mobility term that is a function of temperature, M(T ), where
T is the physical temperature during welding.

P =

{

M(T ) ∆E ≤ 0

M(T )e−
∆E

kT ∆E > 0.
(3)

The grain boundary mobility increases with temperature until the melting temperature, when
grain boundaries cease to exist in the molten region. At ambient temperatures, M = 0, as
the temperature is too low for grain growth.

Simulation of melting and solidification is introduced into this model as follows. When the
temperature at site i is equal or greater than the melting temperature T ≥ Tm, melting
is simulated by assigning a random spin to site i that is likely different from those of its
neighboring sites. Thus, the grain structure is lost and the energy of site j is very high as its
bonds with all neighboring sites have energy J . When the temperature of site i is less that
the melting temperature, T < Tm, normal grain growth is attempted with a new spin that
is randomly chosen from those of neighboring sites. Thus, when the temperature of a site
drops below Tm, it will solidify by changing its spin to that of a neighboring site, lowering its
energy and forming a grain of at least two sites. In this manner, melting and solidification
is simulated in this model.
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3 Temperature profile and its motion

This section describes details of the grain growth model for butt-welds implemented in
SPPARKS. As described in Section 2, the model does not calculate the temperature; rather,
the temperature profile, both spatial and temporal, is an input to the grain growth model.
Based upon experimental or analytical/numerical calculations, a representative temperature
profile, which can be changed to match a physical welding process, is used as an input to
the numerical model.

The numerical implementation, described here, uses surrogate analytical temperature profiles
for a butt-weld process. A geometric parameterization representing a family of weld pool
temperature profiles was used for numerical computations. A schematic of the surrogate
weld pool geometry is shown in Figure 3. Key elements of the temperature profile and
model are shape of molten weld pool, geometry and shape of the heat affected zone (HAZ),
and computing grain boundary mobility M for use in the grain growth model described
in earlier in Section 2. The geometry and translation of the weld-pool and HAZ are the
backbone of the numerical implementation. Using these temperature profiles, it is shown
later in Section 4, that the shape and speed of the weld pool and HAZ strongly influence
grain growth and evolution, and the resulting microstructure.

3.1 Geometry of weld pool and heat affected zone

The shape and size of the FZ and HAZ (see Figure 2) are functions of the total heat deposited
and its distribution in the plates to be welded, the velocity of heat source along the weld
joint, the resulting fluid flow in the molten pool, and solidification details. Using the model
presented here, these aspects are bypassed by simply treating the local temperature as an
input to the simulation. The geometry of the HAZ is inspired by the idea that the pool
surface is nominally at the melt temperature and that temperature proportionally drops
with distance from the surface. The pool geometry is represented as a surface separating the
liquid melt (inside of pool) from the solid (outside pool). The HAZ is a region outside the
pool defined by a model parameter haz representing the distance from the pool surface.

In order to precisely define the HAZ, some notation and semantics describing points inside
and outside the weld pool are introduced. Let D ⊂ R

3 be the bounded spatial domain
representing the plates to be joined by the weld. Let P denote the set of points inside the
weld pool; for clarity, note that P ⊂ D. The HAZ is defined as those points in D that are
not part of the pool P but are are within a distance haz of the pool surface. It is useful to
define the set of points V = D/P; these are points within the plates but outside of the pool.
Using these notations, the heat affected zone is the set of points HAZ defined as

HAZ := {y : y ∈ V and d(y) ≤ haz}, (4)

where d(x) denotes the Euclidean distance to the pool surface for a point x ∈ V.
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Figure 3: Schematic of surrogate weld pool geometry and coordinate system; distance con-
tours used to define heat affected zone.

The grain boundary mobility (described in Section 2) is now defined as a function of position
for points x ∈ HAZ:

M(x) = 1− d(x)/haz. (5)

3.2 Numerical computations for translating weld pool and heat

affected zone

As described above, the idealized weld process consists of translating a source of heat (and
hence weld pool) along the butt-joint (see Figures 1 and 2). In this section, numerical
computations used to calculate the instantaneous HAZ around the weld pool are outlined
and described.

The weld pool is translated along the butt-joint with a constant velocity vp. With respect to
a fixed global coordinate system, the position of the translating coordinate system depicted
in Figure 3, is

yp(t) = yp(0) + vp t. (6)

Abstractly, the pool surface is described by a smooth function of two parametric variables
ρ(u, v). For any point r ∈ HAZ, measured with respect to the pool coordinate system, the
distance d(r) must be computed – this computation is accomplished using a closest point
projection (CPP) algorithm [27]; a sketch is shown in Figure 4. To calculate the distance

15



Figure 4: Sketch of closest point projection for calculation of distance to pool surface.

d(r), the CPP algorithm minimizes the square of the distance function

f(u, v) = d2(r) = (r− ρ) · (r− ρ), (7)

where for simplicity of notation, the dependence of ρ on the pair of parametric surface
variables (u, v) is dropped. Conceptually, the CPP algorithm seeks the point on the pool
surface that will form a normal n̂ to the surface when connected with the tip of r; this is
depicted in Figure 4.

Given a particular form of the analytical pool surface, the CPP algorithm is implemented and
the distance is subsequently calculated for any pool position and point. Given the distance
to the surface, the mobility (see (5)) for any point outside of the pool can be calculated.

For calculations described in Section 4, the particular geometry used for the surface is briefly
described. The pool surface is represented by a quadratic Bézier curve with control points
[28] defined by a trigonometric representation of an ellipse. The Bernstein polynomials for
the Bézier curve are given by

V0(v) = (1− v)2, V1(v) = 2v(1− v), V2(v) = v2, (8)

with control points defined using the following vector components:

P0(u) =







x(u)
y(u)
0







, P1(u) =







α(1− β)x(u)
α(1− β)y(u)

−h/2







, P2(u) =







αx(u)
αy(u)
−h







. (9)

The functions x(u) and y(u) are used to define an ellipse:

x(u) = a cos(u), y(u) = b sin(u), (10)
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where the major dimensions of the ellipse are denoted by the parameters (a, b). Using the
polynomials in (8) and the control points in (9), the pool surface is defined as

ρ(u, v) = V0(v)P0(u) + V1(v)P1(u) + V2(v)P2(u). (11)

Note that P0 corresponds with the top surface at z = 0, and that P1 corresponds with
z = −h at the bottom surface; P1 is associated with the control point and is artificially
positioned midway through the thickness of the plate at z = −h/2; an additional control of
the shape through the thickness is provided by the parameter β to control convexity of the
shape related to the thickness dimension. The parameter α determines the size of the ellipse
on the bottom surface at z = −h; in the calculations for this paper, it is always used in the
range α ∈ (0, 1) to create an ellipse on the bottom which is smaller than the one at the top.
All of the size and shape parameters for the weld pool are listed and briefly described in
Table 1.

Parameter Description

a principal dimension ellipse x-axis
b principal dimension ellipse y-axis

haz distance parameter representing size of HAZ
h plate thickness

α ∈ (0, 1] defines size of ellipse on bottom surface relative to size on top
β ∈ [0, 1] control point parameter; β = 1/2 produces linear Bézier function

vp weld speed expressed in sites per Monte Carlo step (MCS)
A ∈ (0, 1) defines amplitude of pulsed power oscillations
N > 2 defines period of pulse power oscillations in MCS

Table 1: Model parameters: size, shape, weld speed and pulsed power.

The pool surface, defined in (11), is parameterized by u ∈ [0, 1] and v ∈ [0, 2π]; these are the
parameters that the CPP algorithm computes for each point in the HAZ. It is emphasized
that the pool surface/geometry is a three-dimensional object; an instance is depicted from
three different view points in Figure 5. To aid in use and understanding of the parameters α
and β, a schematic depicting effects of these parameters on pool geometry in the thickness
dimension of the plate is shown in Figure 6.

3.3 Scaling pool geometry to model pulsed power welding

The utility of this model for designing weld processes is demonstrated by applying it to
a specialty welding technique, pulsed power welding [personal communication with Charlie
Robino, February, 2015]. The concept is depicted in Figure 7; power is cycled between a peak
value and a background level at a particular frequency. The interpretation is that higher arc
power induces a larger pool while reducing the power will result in a smaller pool; power is
supplied in a periodic fashion as a function of time. Emulating this effect in the model is
accomplished by defining a pulse function

p(t) = B + A sin(ωt), (12)
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Figure 5: Example 3D pool geometry rendered from 3 different view points.

where B = 1.0 denotes a background power representing a nominal pool size, A denotes an
amplitude of increase in background power representing an increase in pool size, t is time in
MCS, and N is the time period defining the frequency of power oscillations ω = 2π

N
. Using

the pulse function (12), the pool geometry (see equations (10)) is scaled and becomes a
function of time

x(u, t) = p(t)a cos(u), y(u, t) = p(t)b sin(u). (13)

Pulsed power parameters are also listed in Table 1. The pulse scaling above appears more
simple than it is in practice; the above equations are implemented in SPPARKS exactly
as described; however, the pulse effect implicitly depends upon the weld speed velocity;
demonstration calculations in the sequel illustrate this aspect of the model.
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Figure 6: Schematic of pool geometry parameters and affects.
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Figure 7: Pulsed weld schematic and concept.
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4 Application of model

In this section, the model is used to qualitatively demonstrate grain growth during welding
for parametric variations in pool geometry and weld speed. Trends in grain growth patterns
are illustrated graphically as a function of weld speed and pool shape; key trends are easily
identified and suggest tactics for quantitative analysis. Quantitative analysis is far more
challenging and visual inspection of graphical results suggests strategies and methods akin
to data analytics; this will be the subject of follow-up work.

4.1 Qualitative predictions and trends

In this section, trends and changes in grain growth and morphology are illustrated as func-
tions of weld pool shape and weld speed. As a starting point, all welding grain growth
simulations need an initial microstructure; this was generated using app potts neighonly in
SPPARKS with a simulation temperature of kT = 0.25 on a 3D computational lattice sc/26n
with dimensions 805× 1575× 105; the Potts model will generally produce an equiaxed mi-
crostructure dependent upon an initial seed value. For the weld speed and pool shape studies
in the following sections, a unique initial microstructure was generated for each case using
a new random seed value; in all cases, a target mean value for equiaxed grain size was
µ = 3.6sites . Generating initial microstructures with a random seed is especially important
when using SPPARKS to generate many microstructure realizations for use in statistical
analysis studies.

4.1.1 Types of grain growth

As a prequel to parametric studies, Figure 8 depicts three types of grain growth predicted
by the model: nucleation and growth of new grains, epitaxial growth on to existing grains in
the HAZ to form long curved grains, and normal grain growth at the outer, cooler regions of
the HAZ. Nucleation and growth of new grains occurs in the FZ and is strongly dependent
upon weld speed and molten pool geometry. The size and shape of epitaxially grown grains
are also strongly dependent on weld speed, molten pool geometry and temperature profile
in the HAZ.

4.1.2 Weld speed study

In the first study, weld pool and HAZ shape and size are fixed and the weld speed is in-
crementally increased from a speed ||vp|| to 2||vp||; see Table 2 for weld speed and shape
parameters used.

Predicted microstructures are shown in Figures 9 to 11. Using 4 different weld speeds,
these figures illustrate microstructures when viewed from the top, and in transverse and
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Figure 8: Depiction of types of grain growth predicted by model; weld speed used to generate
upper microstructure was half that used to predict lower microstructure.

longitudinal cuts respectively; because these simulations are 3D, transverse and longitudinal
cut view images are shown based upon the cut indicators in the top image of Figure 9. The
weld pool was translated from left to right with its final position such that the trailing edge
was at a distance from the right edge of the image just greater than haz; the bottom image in
each figure was generated with twice the weld speed used for the image at the top; the pool
shape parameter β = 1

2
was used to produce a linear Bézier curve in the thickness direction

of the plate – see Figure 11 for a longitudinal section view of predicted microstructures.

As shown, slower weld speeds encourage epitaxial grain growth, with grains growing normal
to the melt pool boundary; as weld speeds increase epitaxial growth diminishes in favor of
nucleation and growth of new grains in the center of the FZ.

4.1.3 Weld pool shape study

In the previous section, weld velocity was varied while holding the melt pool and HAZ
geometry constant; as shown in Figure 11, the sidewall of the pool had a constant slope
through the thickness of the weld. In this section, the melt pool geometry is varied while
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Parameter Value

principal dimension ellipse x-axis a = 300
principal dimension ellipse y-axis b = 450

distance parameter representing size of HAZ haz = 150
plate thickness h = 105

size of ellipse on bottom surface relative to size on top α = 0.75
Bézier control point parameter β = 0.50

weld speed ||vp|| = {7.5, 10.0, 12.5, 15.0}

Table 2: Model parameters for weld speed study.

holding the weld velocity constant. Two of the four cases examined are for pools with
concave and convex sidewalls, as shown in Figure 6; this aspect of the sidewall geometry is
controlled by the simulation parameter β. The other two cases evaluate effects of pool size
at the bottom of the plates via the parameter α. Taken together, the parameters α and
β can be adjusted to match a pool shape resulting from the Marangoni effect [1], which is
known to influence melt pool shape by causing fluid circulation in the pool to go one way or
the other due to liquid surface tension; one case producing a wider more shallow pool while
the other producing a deeper more narrow pool.

With respect to β, two cases are demonstrated representing non-constant slope with respect
to the plate thickness dimension: 1) curvature of pool is concave, and 2) curvature of pool is
convex; these cases are simulated using values for β = 0.25, 0.75 respectively, while α = 0.75
and ||vp|| = 15 are fixed and identical to one case in the weld speed study; microstructures are
shown in Figures 12 to 14 – these microstructures can be compared with the case for ||vp|| =
15 in the previous section. The visual affect of β (convex or concave) in the longitudinal
section view is not obvious. However, it does affect the width of the strip of smaller equiaxed
grains (top view) in the FZ; note that this strip is more narrow for β = 0.25 than for
β = 0.5, 0.75; the parameter α = 0.75 is also a dependent factor.

As a final demonstration on the shape parameters, α is adjusted down to α = 0.5 which
shrinks the size of the pool at the bottom of the plate; this produces a more obvious effect
from β which is also varied as a demonstration. See Figures 15 to 17. When β = 0.0, curved
grains appear in the transverse section view and the longitudinal view has columnar type
growth along the centerline in the thickness direction.

4.1.4 Pulsed power demonstration

For comparative purposes, the pulse model is demonstrated using the same model parameters
used in the weld speed study; in addition to shape and weld speed parameters given in
Table 2, the pulse model parameters used were A = .25, and N = 64. Recall that A is
the fraction of pool size increase and N is the period of pulse power oscillations. The pulse
model effect is clearly visible in Figure 18; note that this figure can be directly compared with
Figure 9. The period of pulse oscillation produces a spatial frequency that depends upon
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weld speed. At the lowest speed, the pulse effect somewhat interrupts the epitaxial growth
of very long grains shown in Figure 9 and also produces a more subtle spatial frequency and
artifact in the HAZ.
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Figure 9: Weld speed study – top view of predicted microstructures; α = 0.75, β = 0.5; see
Table 2 for additional model parameters used. Note indicators in top image for locations of
transverse and longitudinal cut views used in subsequent figures.

25



Figure 10: Weld speed study – transverse section view of predicted microstructures;
α = 0.75, β = 0.5; see Table 2 for additional model parameters used.

Figure 11: Weld speed study – longitudinal section view (centerline of weld axis) of predicted
microstructures; α = 0.75, β = 0.5; see Table 2 for additional model parameters used. These
images depict the shape of the pool and grain growth in front and behind the pool along
the centerline (weld axis); the particular location of the pool in each image is not otherwise
consequential.
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Figure 12: Convexity (β = 0.75) and concavity (β = 0.25) study: top view of predicted
microstructures with ||vp|| = 15.0; compare Figure 9.

Figure 13: Convexity (β = 0.75) and concavity (β = 0.25) study: transverse cut of predicted
microstructures with ||vp|| = 15.0; compare Figure 10.

Figure 14: Convexity (β = 0.75) and concavity (β = 0.25) study: longitudinal cut of pre-
dicted microstructures with ||vp|| = 15.0; compare Figure 11.
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Figure 15: Size and shape study: top view of predicted microstructures with ||vp|| = 15.0.

Figure 16: Siza and shape study: transverse cut of predicted microstructures with
||vp|| = 15.0.

Figure 17: Size and shape study: longitudinal cut of predicted microstructures with
||vp|| = 15.0.
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Figure 18: Pulsed weld speed study – top view of predicted microstructures;
α = 0.75, β = 0.5, see Table 2 for remaining model parameters; pulse parameters used are
A = 0.25, N = 64. Weld speeds increase from top to bottom. All parameters being the
same except for the addition of pulsed power, compare Figure 9.
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5 Summary and conclusions

This report describes and demonstrates a new model for grain growth during welding. The
model is implemented in the SPPARKS C++ kinetic Monte Carlo computational framework
and can run large scale massively parallel simulations using billions of sites; this resolution
is sufficient to enable weld design at welding length scales (measured in millimeters) while
simultaneously simulating grain growth and evolution (measured in microns).

The model is parameterized to facilitate weld design via weld speed and shape parameters
for the pool and heat affected zone; weld speed is a key weld process parameter; shape
parameters describe a wide range of possible pool shapes and heat affected zones facilitating
design of many possible weld processes including both convex and concave weld pool shapes;
pool shapes can also range from very narrow and deep to very wide and shallow representing
different fluid flow conditions within the pool. The model also includes a novel and specialized
pulsed power welding feature.

Key elements of the model are listed below.

1. Use of initial microstructure representing base metal

2. Potts model for grain growth specialized for welding including temperature dependent
grain boundary mobility

3. Novel mathematical treatment of pool shape and heat affected zone

4. Translation of weld pool

5. Optional pulsed power feature which scales pool geometry as a function of time

The model simulates melting, solidification and microstructural evolution of material in the
fusion and heat affected zones; it simulates grain growth using normal curvature driven grain
growth with grain boundary mobility that is dependent upon a spatial temperature profile.
Demonstration calculations depict grain growth which is spatially heterogeneous including
both nucleation and epitaxial dominant grain growth. The model was also applied and
demonstrated on a special pulsed power welding process.
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